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Protein Translocation: Review
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channel by an interaction between SRP and its mem-
brane receptor. Targeting in posttranslational pathways
also requires a signal sequence but does not require
Kent E. S. Matlack,* Walther Mothes,*
and Tom A. Rapoport
Howard Hughes Medical Institute
and Department of Cell Biology SRP and remains uncharacterized (for review, see Wal-
ter and Johnson, 1994). In a given cell the two routesHarvard Medical School
240 Longwood Avenue are used to different extents. A larger fraction of proteins
appears to be transported by posttranslational path-Boston, Massachusetts 02115
ways in simpler organisms, such as bacteria and yeast,
perhaps because in these fast-growing cells transloca-
tion might not always keep pace with translation.Introduction
Here we will summarize our knowledge of the compo-
Protein transport across the endoplasmic reticulum (ER)
sition and partners of the channel and discuss how the
membrane in eukaryotes and across the cytoplasmic
driving force for translocation is provided, how thechan-
membrane in prokaryotes is a decisive step in the bio-
nel is opened and closed, and how it operates during
synthesis of most secretory proteins. Transport occurs
the integration of membrane proteins. Enzymes at the
through a hydrophilic channel (Simon and Blobel, 1991;
site of translocation but involved only in the chemical
Crowley et al., 1993) that is evolutionarily ancient and
modification of translocated proteins, such as signal
part of a protein translocation machine. This channel not
peptidase or oligosaccharyl transferase, will not be dis-
only translocates secretory proteins but also integrates
cussed. We will emphasize that, while an understanding
membrane proteins into the lipid bilayer. To accomplish
of some of the properties of the channel is emerging, it
these tasks it must perform and coordinate a large num-
remains a challenge to elucidate how itworks in physico-
ber of different functions. It must identify the signal se-
chemical and structural terms.
quences of its substrates, open in response to them,
transport the substrate from one side of the membrane
The Sec61p/SecYEG ComplexÐTheto the other, and finally close, all without allowing any-
Central Channel Componentthing but the translocation substrate to pass. In the case
The central component of the translocation channel isof membrane proteins, which can have a wide variety
a heterotrimeric complex of membrane proteins, calledof topologies, some parts must be translocated across
the Sec61p complex in eukaryotes and the SecYEGthe membrane while others must be left in the cyto-
complex in prokaryotes (for more detailed reviews, seeplasm. Those hydrophobic segments that will ultimately
Schatz and Beckwith, 1990; Ito, 1995; Corsi and Schek-reside within the membrane must be recognized, ori-
man, 1996; Rapoport et al., 1996; Wickner and Leonard,ented with respect to the plane of the membrane, and
1996). The a subunits (Sec61a in mammals, Sec61preleased out the side of the channel into the lipid, a
in yeast, and SecY in bacteria) have ten membrane-sequence of events that may have to be repeated multi-
spanning segments with identical topologies and showple times during the integration of a single membrane
a significant degree of sequence similarity with one an-protein. The size and wide variety of the substrates with
other. The g subunits (Sec61g in mammals, Sss1p inwhich this channel must interact, as well as the ability
yeast, and SecE in bacteria) are also related insequence;of its walls to open toward the lipid, distinguish it from
the conserved, essential region comprises a singlemany other channels and must require of it great struc-
transmembrane sequence and a few surrounding aminotural flexibility.
acid residues. As indicated by genetic studies in yeastIn this review we will argue that the channel itself is
and E. coli, the a and g subunits are essential for translo-a passive conduit for polypeptides and must associate
cation and cell viability. The b subunits in eukaryoteswith other components that provide the driving force
(Sec61b in mammals, Sbh in yeast) differ from the thirdfor translocation and determine the directionality of
subunit in bacteria (SecG). These subunits may be ofmovement through the channel. Different partners allow
lesser importance since genetic studies in yeast and E.the channel to transport proteins in mechanistically dis-
coli indicate that they are not required for cell viability.tinct ways, either co- or posttranslationally. In cotransla-
In vitro experiments in which the purified heterotrimerictional translocation, transport of a polypeptide chain
complexes from mammals, yeast, and bacteria haveoccurs while it is being synthesized on a ribosome
been reconstituted into lipid bilayers have confirmedbound to the channel, whereas in posttranslational path-
their role in protein translocation and indicated that theways a completed protein is transported. Co- and post-
complex is the only component required for all translo-translational translocation also differ in the mechanism
cated substrates (Brundage et al., 1990; Akimaru et al.,by which substrates are targeted to the channel. In the
1991; GoÈ rlich and Rapoport, 1993; Panzner et al., 1995).cotranslational pathway the signal sequence of a na-
The first evidence that the Sec61p complex forms anscent polypeptide chain is initially recognized by the
actual channel came from cross-linking experiments (forsignal recognition particle (SRP) and the ribosome±
review, see Martoglio and Dobberstein, 1996). The anascent chain complex is subsequently targeted to the
subunit of the Sec61p complex was found to be the only
protein to line the path of the translocating polypeptide
chain from one side of the membrane to the other*The first two authors contributed equally to this review.
Cell
382
Figure 1. Structure of the Sec61p Channel
(A) Structure of the Sec61p channel in native mammalian ER membranes viewed by freeze-fracture electron microscopy (the inset shows a
different view).
(B) Structure of the purified mammalian Sec61p complex in detergent viewed by negative stain electron microscopy. The bar corresponds to
500 AÊ .
(C) The averaged structure of unstained specimens shown as a gray scale projection map.
(D) A contour map of part (C) indicating the four major density peaks surrounding the central pore. The bar corresponds to 25 AÊ .
(Courtesy of Christopher Akey and Jean-Francois Menetret.)
(Mothes et al., 1994). Further support for the idea that that these experiments be performed with purified com-
ponents.the Sec61p complex forms channels came from electron
microscopy (Hanein et al., 1996). Purified complexes
from both mammals and yeast formed ring structures Putting the Channel to Work
The Sec61p/SecYEG channel alone cannot translocatewith pore sizes of about 20 AÊ (Figure 1). The volume and
mass of these particles were consistent with their being proteins; to do so it must associate with other compo-
nents. In the cotranslational pathway its major partnerassemblies of 3±4 molecules of the Sec61p complex.
Functional evidence that the purified yeast and bacterial is the ribosome. In the posttranslational pathway in
yeast, and perhaps in all eukaryotes, it associates withcomplexes form channels of limited pore size came from
experiments in which translocation was stalled by the the Sec62/63p complex and BiP, a member of the Hsp70
family of ATPases present in the ER lumen, while in thepresence of a large group attached to the C terminus
of the substrate (Bassilana and Wickner, 1993; Matlack posttranslational pathway in bacteria it interacts with
the cytosolic ATPase SecA (Figure 2).et al., 1997). It has not yet been shown that the bacterial
SecYEG channel consists of oligomeric assemblies. Interaction of the Sec61p Complex
with the RibosomeAs will be discussed inmore detail below,other exper-
iments in which the passage of small molecules across Direct association between ribosomes and the Sec61p
complex has been demonstrated in several differentintact ER membranes were investigated have demon-
strated the existence of aqueous channels. Although ways (for review, see Rapoport et al., 1996). This interac-
tion serves multiple purposes. One function is to imposethe current evidence suggests that these channels are
formed by the Sec61p complex, formal proof requires directionality on cotranslational translocation. Binding
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Figure 2. Three Mechanisms by which As-
sociated Partners Use Energy to Direct Pro-
tein Movement through the Sec61p/SecYEG
Channel
In cotranslational translocation, the channel
interacts directly with a translating ribosome.
In posttranslational translocation, it collabo-
rateswith an ATPase. In yeast, theassociated
Sec62/63p complex is required for interaction
with the lumenal ATPase BiP. In bacteria, the
ATPase SecA is located on the cytoplasmic
side. In addition, a proton gradient across the
cytoplasmic membrane increases the effi-
ciency of translocation.
of the ribosome to the Sec61p channel creates a contin- the association of the Sec62/63p complex with the
Sec61p complex is thought to serve different functionsuous enclosed passageway from the peptidyl-trans-
ferase site in the ribosome to the lumen of the ER (Crow- in translocation. One is to provide a binding site for
the lumenal ATPase BiP (called Kar2p in yeast), whichley et al., 1993; Mothes et al., 1994). The elongating
polypeptide chain has only one way out of the extended provides the driving force for posttranslational translo-
cation by hydrolyzing ATP (Figure 2). BiP interacts withchannel, and therefore no energy other than that of pro-
tein synthesis itself is needed to provide the driving a lumenal domain of Sec63p, the J domain (Brodsky
and Schekman, 1993; Scidmore et al., 1993), which mayforce for transport (Figure 2). A second function of the
ribosome±Sec61p interaction is to create a seal around activate BiP for substrate binding in a manner similar
to that by which other J proteins activate their Hsp70the cytosolic end of the channel that prevents small
molecules from passing through it. The existence of partners. Two models have been proposed for the func-
tion of BiP in translocation. In one it acts as a molecularsuch a seal is best illustrated by the inability of small
molecules presented to the cytosolic side of the mem- motor, anchored at the membrane by its interaction with
Sec63p and actively pulling the substrate into the lumen.brane to reach fluorescent probes in the translocating
polypeptide chain (Crowley et al., 1994). Finally,a role for In the other it acts as a Brownian ratchet; following a
transient interaction with Sec63p, BiP would be trans-ribosomes in channel assembly is suggested by freeze-
fracture electron microscopy experiments in which the ferred to the substrate and prevent it from sliding back-
wards into the cytosol. Another function of the Sec62/addition of ribosomes dramatically increased the num-
ber of oligomeric ring structures in proteoliposomes 63p complex is to stimulate the assembly of the Sec61p
complex; in freeze-fracture electron microscopy, ringscontaining the Sec61p complex (Hanein et al., 1996).
Although a ribosome±channel junction similar to that were only seen when both the Sec61p and Sec62/63p
complexes were present in the lipid bilayer (Hanein etin mammals has not been detected in bacteria, recent
datasuggest that an SRP-dependent targetingpathway, al., 1996).
Interaction of the SecYEG Complex with SecAlike that employed for cotranslational translocation in
eukaryotes, is used for the insertion of multispanning Posttranslational translocation in bacteria requires inter-
action between the SecYEG channel and the cytosolicmembrane proteins in E. coli (Ulbrandt et al., 1997).
Given that most of the similarity between SecY and ATPase SecA, a large hydrophilic protein containing two
ATP binding sites (for review, see Schatz and Beckwith,Sec61p is located in cytosolic loops (Rapoport et al.,
1996), it is possible that the SecYEG complex does bind 1990; Ito, 1995; Wickner and Leonard, 1996). SecA inter-
acts not only with the SecYEG complex, but also withribosomes.
Interaction with the Sec62/63p Complex lipids, the translocation substrate, and the cytosolic
chaperone SecB.An association between the Sec61p complex and the
tetrameric Sec62/63p complex to form a seven-compo- In contrast to the situation in eukaryotes, the driving
force for bacterial posttranslational translocation comesnent complex (the Sec complex) is required for post-
translational translocation across the ER membrane in from the cytosolic side of the membrane because there
is no ATP on the other side (Figure 2). In addition, theS. cerevisiae (Deshaies et al., 1991; Panzner et al., 1995).
The Sec62/63p complex contains two essential mem- proton gradient across the cytoplasmic membrane in-
creases the efficiency of transport in a poorly understoodbrane proteins, Sec62p and Sec63p, which span the
membrane two and three times, respectively (for review, manner. SecA is believed to cycle between membrane-
inserted and -deinserted states in an ATP-dependentsee Corsi and Schekman, 1996; Rapoport et al., 1996).
The other components, Sec71p and Sec72p, are only manner (Economou et al., 1995). It could therefore feed
a protein into the channel by ªgrabbingº a segment ofessential for cell viability under certain conditions.
Sec71p is a single-spanning glycosylated membrane the polypeptide on the cytosolic side, pushing it into
the channel, releasing it inside the channel, and thenprotein, while Sec72p is tightly membrane-associated
but not inserted in the membrane. Homologs of Sec62p exiting to repeat the cycle. Prevention of back-sliding
of the polypeptide released inside the channel wouldand Sec63p exist in higher organisms, but their function
has not been determined. be facilitated by the membrane potential. The SecA in-
sertion model is based on the observation that largeLike the interaction between ribosome and channel,
Cell
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parts of SecA become protected from protease when it class I polypeptides are first transported into the ER
lumen but then transported backwards for cytosolicinteracts with the SecYEG complex during translocation.
destruction by the proteasome (Wiertz et al., 1996). OnExperiments in which E. coli spheroplasts were treated
their way back to the cytosol, MHC class I polypeptideswith proteases or chemical modifying reagents are con-
were found in association with the Sec61p complexsistent with exposure of a portion of SecA to the peri-
(Wiertz et al., 1996). A similar retrograde transport pro-plasmic side of the membrane (Kim et al., 1994). It re-
cess occurs in normal cells when soluble and membranemains to be determined whether SecA has additional
proteins misfold in the ER (for review, see Kopito, 1997).functions in translocation, for example in the assembly
In yeast this transport is affected by sec61 mutationsof the SecYEG channel or in the formation of a mem-
(Pilon et al., 1997; Plemper et al., 1997). Further experi-brane barrier for small molecules.
ments are required to verify retrograde transport throughOther Channel Partners
the Sec61p channel and to identify components thatSeveral other components play roles in translocation
target proteins to the channel and provide the drivingthat arenot yet well characterized. In the mammalian ER,
force for the process.the translocating chain-associating membrane protein
(TRAM), an abundant multispanning membrane protein,
Opening the Channelis essential for the translocation of most substrates
To transport secretory proteins, the channel must openinto reconstituted proteoliposomes (Voigt et al., 1996).
across the membrane when the substrate arrives andWhether a protein requires TRAM for translocation is
close after it has passed through. Open channels indetermined by structural features of its signal sequence.
native membranes have been detected in experimentsCross-linking experiments indicate that TRAM is in prox-
that analyzed their conductance for small molecules. Inimity to signal sequences and some transmembrane
electrophysiological experiments in which puromycinsequences during translocation (Do et al., 1996, and
was used to release polypeptides from ribosomes boundreferences therein). It is intriguing that these situations
to the mammalian ER membrane, a large number ofhave in common that the substrate is either entering
ion-conducting channels appeared (Simon and Blobel,or leaving the channel. Besides TRAM, no additional
1991), implying that the channels had been occupiedmembrane protein may be absolutely required for co-
by nascent chains before release. Fluorescence lifetimetranslational translocation since all tested substrates
measurements verified that the nascent chain is in a
are transported into reconstituted proteoliposomes con-
hydrophilic environment within the membrane (Crowley
taining only the purified Sec61p complex, TRAM protein,
et al., 1993). Further support for the existence of an
and SRP receptor (GoÈ rlich and Rapoport, 1993; Voigt et
aqueous channel came from fluorescence quenching
al., 1996). The efficiency of transport of some substrates
experiments. Fluorescent probes incorporated into re-
is low, and it is therefore possible that additional factors
gions of the nascent chain inside the ribosome were
are required to stimulate their transport. All substrates quenched by water soluble reagents presented to the
studied to date are relatively simple, being either fully lumenal side of the membrane (Crowley et al., 1993).
translocated across the membrane or inserted with only These experiments also demonstrated that the channel
a single transmembrane segment; more complicated is large enough to allow the passage of small molecules
proteins may well require additional translocation com- while occupied by a nascent chain. A channel diameter
ponents. For theposttranslational pathway in yeast, only of 40±60 AÊ was determined by the use of quenching
two substrates have been tested in vitro. They are trans- agents of different sizes (Hamman et al., 1997). It is thus
located as efficiently into vesicles containing only the the largest known channel in a membrane that maintains
Sec complex and BiP as into native ER membranes a barrier for small molecules. The large size of the chan-
(Panzner et al., 1995), making it unlikely that transloca- nel indicates that, in the electrophysiological experi-
tion components are missing. ments, the block to ion movement before release of the
In bacteria, an additional translocation component is nascent chain occurred within the ribosome, presum-
the SecD/F/yajC complex (for review, see Ito, 1995). It ably at the peptidyl-transferase site.
associates with the SecYEG complex and plays a role During the cotranslational translocation of secretory
in the SecA cycle (Economou et al., 1995; Duong and proteins the channel opens in a two-step mechanism
Wickner, 1997), but it is not essential for translocation that allows maintenance of the permeability barrier of
in vivo or in vitro, and proteoliposomes containing only the membrane for small molecules. This conclusion is
the SecYEG complex translocate at least one substrate based on experiments in which quenching agents were
almost as well as crude membranes (Bassilana and added to membrane-bound polypeptide chains of the
Wickner, 1993). SecD/F/yajC may facilitate a late step in secretory protein preprolactin containing fluorescent
translocation (Duong and Wickner, 1997, and references probes. Polypeptides of 59 to 70 amino acids were inac-
therein). cessible to quenching agents presented on either side
Retrograde Transport of the membrane (Crowley et al., 1994). Probes in longer
The fact that the partners of the Sec61p/SecYEG com- chains, but still within the ribosome, could, however, be
plex, and not the channel itself, provide the driving force quenched by reagents delivered from the lumenal but
in each of the three mechanisms of translocation (Figure not the cytosolic side of the membrane. Thus, creation
2) suggests that the channel functions as a passive con- of a tight seal between the ribosome and the channel
duit. This concept is supported by observations sug- precedes the opening of the channel toward the ER
gesting that the Sec61p channel may also be used for lumen, ensuring that no mixing of the lumenal and cyto-
protein transport in the opposite direction. In cells ex- solic compartments can occur. A tight ribosome±mem-
brane junction is maintained throughout the synthesispressing proteins of the human cytomegalovirus, MHC
Review: Protein Translocation
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of most secretory proteins (Hegde and Lingappa, 1996; channel. The signal sequence may act only as a trigger,
its continuous presence not being required to keep theHamman et al., 1997; Mothes et al.,1997). In somecases,
however, such as apolipoprotein B, pauses occur during channel open once the nascent chain has been inserted.
Destabilization of the closed state of the channel bytranslocation and the ribosome±channel junction must
be transiently broken while a polypeptide domain accu- a signal sequence is consistent with the existence of
mutations in all translocation components of E. coli (prl-mulates in the cytosol (Hegde and Lingappa, 1996). It
is unclear what provides the driving force for the subse- mutants) that allow the translocation of proteins with
defective or missing signal sequences (Derman et al.,quent transfer of this domain across the membrane.
Opening of the channel toward the lumen is triggered 1993; Flower et al., 1994). These mutations could desta-
bilize the SecYEG channel in the same way as a signalby the signal sequence of a translocation substrate. At
the same chain length of preprolactin at which quench- sequence does. As in eukaryotes, there may be other
steps necessary to prepare the channel for opening, foring agents could first enter the channel from the lumenal
side, other experiments indicated that signal recognition example its assembly from subunits, explaining why the
mutated channels are not lethal for the cell, as wouldoccurs inside the membrane (Jungnickel and Rapoport,
1995). With short nascent chains ribosome±nascent be expected if they were constitutively open.
How is thesignal sequence bound to thechannel? Thechain complexes were only loosely bound to the mem-
brane and the nascent chains remained accessible to final signal sequence interaction required for channel
opening is probably through a protein±protein contact.externally added protease. With longer chains that con-
tained a functional signal sequence, tight ribosome This is suggested by the resistance of the association
between a translocation substrate and the yeast Secbinding and complete protection of the nascent chains
from proteolysis were achieved. Taken together, these complex to extensive washing with detergent (Matlack
et al., 1997). However, lipids may play a role at an earlierdata indicate that the ribosome±nascent chain complex
initially binds weakly to a closed Sec61p channel, and stage since they were required to form the association of
signal sequence and Sec complex. In addition, contactthat further chain elongation is required for the insertion
of the nascent chain into the channel and for the signal between the hydrophobic portion of a signal sequence
and lipids has been demonstrated in cross-linking ex-sequence to induce a stronger interaction of the ribo-
some with an open channel. periments in the mammalian cotranslational system
(Martoglio et al., 1995). It is therefore likely that the signalIt seems likely that gating of the Sec61p/SecYEG
channel by the signal sequence is the point at which sequence is bound at the interface of the Sec61p com-
plex and lipid, possibly intercalated between subunitsthe co- and posttranslational translocation pathways
converge. A gating function for the signal sequence in of thechannel. Depending on the translocation pathway,
the recognition of a signal sequence may also involveposttranslational translocation is suggested by experi-
ments in which large ion-conducting channels appeared interactions with the TRAM protein or the Sec62/63p
complex (Voigt et al., 1996; Lyman and Schekman,in bacterial membranes upon addition of a synthetic
signal peptide (Simon and Blobel, 1992). Gating of the 1997). It remains to be determined whether a signal
sequence reaches the channel±lipid interface from thechannel in the posttranslational pathway in eukaryotes
has not yet been investigated. interior of the channel, i.e., through a proteinaceous
environment, or is first partitioned into the lipid phaseAssembly of the channel and its opening by the signal
sequence are likely to be separate but consecutive before laterally entering the channel.
The translocation channel must also eventually close.events. Electron microscopy showed that ribosomes
lacking nascent chains oligomerize the Sec61p complex In posttranslational translocation, it is likely that closure
occurs by default once the channel is no longer occu-(Hanein et al., 1996). Thus, during cotranslational trans-
location the initial weak binding of the ribosome±nascent pied by a translocation substrate. The continued pres-
ence of a polypeptide chain inside the channel may bechain complex could induce channel assembly before
signal sequence recognition occurs. However, it is not required to prevent reversion to a closed conformation
of the subunits. Channel closure after cotranslationalknown whether the channel actually assembles and dis-
assembles during each round of protein translocation. translocation must occur by a different mechanism.
Electrophysiological experiments show that the loss ofIn posttranslational translocation only the intact Sec
complex, and not the Sec61p or Sec62/63p complexes the substrate from within the channel is insufficient for
alone, can form oligomeric ring structures and bind sig- channel closure and that dissociation of the ribosome
nal sequences (Hanein et al., 1996; Matlack et al., 1997), into its subunits is also required (Simon and Blobel,
suggesting that assembly of the channel is a precondi- 1991). Thus, conformational changes in the ribosome
tion for signal sequence binding. may close the channel at the end of cotranslational
How the channel is opened by the signal sequence translocation.
is unclear. Subunit interactions in the closed channel
could be destabilized by the signal sequence, resulting
Membrane Protein Integrationin a pore into which hydrophilic portions of the substrate
The majority of integral membrane proteins, both single-could enter. The nascent chain is presumably inserted
and multispanning, use the translocation channel forinto the channel in a loop structure (Shaw et al., 1988;
their insertion into the lipid bilayer. During the synthesisMothes et al., 1994), an arrangement that would allow
of a multispanning membrane protein, the channel isthe C-terminal part of the polypeptide chain to slide
likely to open and close across the membrane not justthrough the aqueous parts of the channel while keeping
the hydrophobic signal sequence immobile within the once, as for a secretory protein, but repeatedly and
Cell
386
at particular points within the sequence of the protein the polypeptide chain does not accumulate inside the
(Blobel, 1980). In addition, the sides of the channel must channel, but transiently contacts the translocation chan-
open within the membrane to allow lateral exit of trans- nel before entering the cytosol. At this stage the channel
membrane (TM) sequences into the lipid (Singer et al., is therefore likely to be closed, with the polypeptide
1987). In the mammalian system, in which most studies chain possibly contacting it only as a shallow loop on
of membrane protein insertion have been performed, its cytosolic end (Figure 3, 2D). Exit of a cytosolic domain
the ribosome±channel interaction plays an important between a bound ribosome and the channel suggests
role in these tasks and may indeed be essential for the the existence of a mode of ribosome binding different
integration process. Cotranslational membrane protein from either of those at the beginning of translocation of
integration may allow TM sequences to enter the mem- a secretory protein. It is possible that in this mode the
brane immediately after their synthesis, thereby avoid- ribosome binds to only a subset of the subunits of the
ing the possibility of misfolding of the protein in a hydro- channel.
philic environment. The universality of cotranslational Several features in the polypeptide chain determine
membrane protein integration is suggested by recent the orientationof an SA sequence. One is thedistribution
findings in E. coli. While most secretion in this organism of charged amino acids between the segments flanking
is posttranslational, the function of SRP, which in eu- the SA sequence: the more positively charged segment
karyotes is restricted to cotranslational transport, seems remains in the cytoplasm. Other factors include the
to be required largely for integral membrane protein length of the hydrophobic segment (longer ones favor
insertion (Ulbrandt et al., 1997). type I orientation) and the folding properties of the
While a few membrane proteins may adopt more than N-terminal region preceding the SA sequence (loosely
one topology, which may even have different functions folded regions can translocate to give a type I orienta-
in vivo (Dunlop et al., 1995), the great majority have a tion) (Wahlberg and Spiess, 1997, and references therein).
unique structure. They fall into different classes. The The mechanism by which these features are recognized
simplest case is presented by signal-anchor type II is unclear. In a reconstituted system containing only
membrane proteins, which bear the greatest resem-
the Sec61p complex, the TRAM protein, and the SRP
blance to secretory proteins. They contain a signal se-
receptor, faithful orientation of SA proteins was achieved
quence that remains uncleaved and serves as the single
(GoÈ rlich and Rapoport, 1993; Oliver et al., 1995). Other
TM sequence (also called a signal-anchor [SA] se-
experiments with E. coli strains containing altered lipidquence); the N terminus is located in the cytosol (Figure
compositions suggest a role for the negatively charged3, 1A). The sequence of events during translocation of
head groups of phospholipids in orientation of a mem-these proteins is probably similar to that with secretory
brane protein (van Klompenburg et al., 1997). Theseproteins. The SA sequence may insert into the channel
may keep a positively charged region flanking an SAin a loop structure (Figure 3, 1B) and open the channel
sequence in the cytosol. The proton motive force across(1C) to allow transport of the lumenal domain (1D).
the membrane also affects orientation (Andersson andCross-linking experiments demonstrated that an SA se-
von Heijne, 1994), presumably by influencing the trans-quence also initially contacts both the Sec61p complex
port of charged polypeptide segments across the bi-and lipid, but almost immediately exits from the channel
layer.into an environment that consists mainly, if not exclu-
An increased level of complexity is presented by typesively, of lipid (Martoglio et al., 1995; Mothes et al., 1997).
I membrane proteins, which possess a cleavable signalSignal-anchor type I proteins differ from type II pro-
sequence at the N terminus and a single TM sequence,teins in that their single TM sequence ultimately has the
and ultimately have the same topology as type I SAopposite orientation within the membrane (Figure 3, 2A).
proteins (Figure 3, 3A). As in the case of secretory pro-It is unclear whether SA type I proteins immediately
teins, the function of the signal sequence leads to aadopt their final orientation after membrane targeting,
ribosome bound to an open channel (3B). When theor whether they initially form a loop structure in the
TM sequence subsequently emerges, there must be achannel (Figure 3, 2B) that is subsequently resolved by
transition from an open state of the channel, duringtranslocation of the N terminus across the membrane
which the N-terminal domain is transferred into the lu-(2C). The latter model would be consistent with the idea
men (3B), to a closed state, during which the C-terminalthat the signal sequence has to open the channel before
cytosolic domain is synthesized (3D). Although oneany translocation can occur. However, it is possible that
might have guessed that channel closure would be trig-the channel does not open during the integration of type
gered by an interaction of the TM sequence with theI SA proteins, since in E. coli the translocation of the N
Sec61p channel, recent fluorescence quenching dataterminus of such proteins is thought to be SecY- and
indicate that the channel closes to the lumenal sideSecA-independent (for review, see Dalbey et al., 1995).
when the TM sequence is still completely inside theCross-linking experiments in the mammalian system
ribosome (Liao et al., 1997). These data suggest thatdemonstrated that, as with type II SA proteins, a type I
the TM sequence interacts with a specific binding siteSA sequence briefly contacts the Sec61p complex be-
in the ribosome to trigger conformational changes whichfore leaving the channel laterally and entering the lipid
in turn lead to closure of the membrane channel.phase (Mothes et al., 1997). Surprisingly, the polypep-
The switch to the synthesis of the cytosolic domaintide segment following a type I SA sequence is synthe-
also requires that the seal between the ribosome andsized by a ribosome bound to the translocation channel,
the channel be broken (Figure 3, 3C). This also happenseven though this domain ultimately resides in the cyto-
plasm (Mothes et al., 1997). As it is being synthesized, while the TM sequence is still completely inside the
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Figure 3. Integration of Single-Spanning In-
tegral Membrane Proteins
Across the top are the final dispositions of the
three types of protein within the membrane,
panels below show how they may be gener-
ated. The two possibilities in 2B (type I SA)
indicate that it is unclear whether or not the
signal anchor sequence inserts initially as a
loop. Those in 2C indicate uncertainty about
whether the channel ever needs to open dur-
ing the integration of a type I SA protein. The
two structures in 3C (type I) are sequential
states. See text for discussion.
ribosome, at a point when the nascent chain is only two are limited. However, a plausible model is suggested
by the observed opening of the channel by a signalamino acids longer than the length required for channel
closure (Liao et al., 1997). Closure of the channel toward sequence and its closure by a TM sequence. The chan-
nel, after being closed by one TM sequence to allowthe lumen before opening of the seal between the ribo-
some and the membrane reverses the two-step se- synthesis of a cytosolic domain, would be opened by
the next TM sequence in a manner similar to its openingquence of events that occurs during initiation of translo-
cation and explains how the membrane barrier can be by a signal sequence (Figure 4). The ribosome would
remain bound to the Sec61p complex throughout themaintained for small molecules. The ribosome remains
bound to the closed channel while synthesizing the cyto- synthesis of the polypeptide chain but the ribosome±
membrane seal would be repeatedly broken and re-solic domain (3D) (Do et al., 1996).
The lateral release of the TM sequence of a type I formed, depending on whether the nascent chain is be-
ing transferred into the lumen or emerging into theprotein from the translocation channel may not occur
directly into lipid. Cross-linking experiments show that a cytoplasm.
An important question is when TM sequences of multi-TM sequence emerging from the ribosome first contacts
the Sec61p complex and then exits from the channel spanning membrane proteins exit the membrane chan-
nel and enter lipid. The simplest possibility is that eachinto an environment that is at least in part formed by
the TRAM protein, remaining there for the duration of TM sequence exits from the channel immediately, inde-
pendently of all others. Alternatively, a TM sequencetranslation (Do et al., 1996). However, a functional role
for TRAM in the release of TM sequences into lipid has could temporarily remain within the channel and exit
into the lipid only upon arrival of the next. Finally, innot yet been demonstrated. Since TRAM cross-links
were not seen with SA proteins (Mothes et al., 1997), it cases where individual TM sequences are too short or
contain too many charges to be compatible with a lipidis possible that their integration is different from that of
type I proteins. environment, several TM sequences could be ªstoredº
inside the channel and be released as a group (BorelThe highest level of complexity of membrane protein
integration is presented by multispanning proteins. Un- and Simon, 1996). These models are not mutually exclu-
sive and may apply to different proteins. However, thefortunately, data on the mechanism of their integration
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Figure 4. A Possible Mechanism for the Inte-
gration of Multispanning Integral Membrane
Proteins
A TM sequence preceding a cytoplasmic do-
main would close the channel and break the
ribosome-channel seal, as observed for the
TM sequence of type I membrane proteins
(top row). The next TM sequence would act
analogously to a signal sequence during the
initiation of translocation, reforming the seal
and reopening the channel for translocation
of the following lumenal domain (lower row).
The cycle would repeat multiple times over
the course of the integration of a protein with
many TM segments (dashed arrow).
idea that TM sequences of multispanning membrane How Dynamic Is the Channel?
Our simple view of one open and one closed state ofproteins integrate independently in a strictly N- to
C-terminal order does not explain several puzzling ob- the translocation channel, based on its conductance for
small molecules, may not be generally valid. In someservations. Studies on the insertion of multispanning
membrane proteins have shown that the deletion or cases the channel appears to be occupied by a translo-
cating polypeptide chain and yet not allow passage ofaddition of a single TM sequence does not always
change the topology of downstream sequences. Appar- small molecules. For example, experiments with a type
I membrane protein demonstrated that the channelently, whenTM sequences with different preferred orien-
tations are juxtaposed, one of them is forced out of the closed to fluorescence quenching agents while seg-
ments of the polypeptide chain were located within itmembrane (see discussion in Mothes et al., 1997). These
data indicate that internal TM sequences can actively and must have continued their movement into the lumen
(Liao et al., 1997). Electrophysiological experiments indi-determine the orientation of a membrane protein and
do not always follow passively the topology imposed cated that thechannel closed for ions when rough micro-
somes were treated with puromycin/high salt to dissoci-by preceding TM sequences. Whether an internal TM
sequence can act as a topological determinant both ate ribosomes (Simon and Blobel, 1991), even though
the C-terminal tails of the translocating polypeptidewhen following a lumenal domain and when following a
cytosolic domain is not yet clear. In both cases, how- chains, which were inside the ribosomes, still remained
to be transported across the membrane. Disruption ofever, it would encounter the Sec61p channel on emerg-
ing from the ribosome and could use its environment to ribosomes with EDTA also closed the channels for ions
(Simon and Blobel, 1991), but again this did not preventadopt whichever orientation is more favorable for it.
For example, in the case of a TM sequence following a translocation of the tail of polypeptide chains (Nicchitta
et al., 1995). Finally, during pauses in the translocationcytosolic domain, the shallow loop present within the
channel (Figure 4, upper right) could resolve itself either of the secretory protein apolipoprotein B, the ribosome±
membrane junction is broken while a polypeptide do-with its N terminus located on the cytosolic side of the
membrane, thus being compatible with the topology main accumulates transiently in the cytoplasm. Under
these conditions, the channel itself must be imperme-of the preceding TM sequence, or with the opposite
orientation. The latter would require either the expulsion able to small molecules to preserve the membrane bar-
rier (Hegde and Lingappa, 1996). When translocationor inversion of preceding TM sequences. Reorganization
of the protein by the newly arrived TM sequence could resumes, the accumulated domain in the cytoplasm
must be transferred through a ªclosedº channel untilfollow immediately if TM sequences accumulate in the
channel during synthesis of the protein. If, however, they the ribosome±channel seal can be reestablished.
Such considerations indicate that the channel has atexit into the lipid before completion of synthesis, they
might have to reenter the channel for their reorientation. least one translocation-competent state that does not
allow the simultaneous passage of small molecules. TheReassociation of proteins with the Sec61p channel after
they have been integrated into the lipid is in fact sug- channel may have states of several different pore sizes,
either a small number of defined states, or a large num-gested by the experiments that implicate the Sec61p
complex in the retrograde transport of MHC class I mole- ber of states that are easily interconvertible. Heteroge-
neity of the channel structure is indicated by electroncules (Wiertz et al., 1996).
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microscopy data and could either be due to conforma- signal sequence do to the channel in order to open it?
Answering these questions will also necessitate a moretional flexibility or to different subunit compositions of
the channel (Hanein et al., 1996). Interconversion among detailed understanding of the ribosome±channel inter-
action and its modulation during cotranslational translo-states could take place during the translocation of a
single substrate. Pore size may vary not only with time cation. The role of the proteins that interact with the
channel during posttranslational translocation is alsobut also from point to point within the channel. The
smallest pore diameter may be just large enough to largely unknown. How do they provide the driving force
for translocation, recognize translocation substrates,allow passage of the translocation substrate while ex-
cluding ion conductance. Such conditions might exist and maintain the membrane barrier for small molecules?
In addition to these problems, many questions remainin the situations mentioned above. Interestingly, in all
these cases the polypeptide is transferred through the about membrane protein biosynthesis. Immediate is-
sues include how the orientation of TM sequences ismembrane without the help of the ribosome, suggesting
that a narrow channel may be a general feature in post- determined, how and when they leave the channel, and
how gating occurs during the synthesis of multispanningtranslational translocation and be the means of main-
taining a membrane barrier. In cotranslational transloca- proteins. Finally, the new data implicating the Sec61p
complex in the retrograde transport of proteins raisetion, the tight binding of the ribosome to the channel
may stabilize its extreme state, a very large hydrophilic many exciting questions. At the center of all these issues
is what the channel looks like. Clearly, an important goalpore with a diameter of 40±60 AÊ (Hamman et al., 1997).
The significantly smaller pore size of 20 AÊ determined for the future will be the determination of the three-
dimensional structure of the Sec61p/SecYEG channelfor the Sec61p channel by electron microscopy (Hanein
et al., 1996) could correspond to either the closed state that underlies its amazing versatility.
of the channel, since a translocating chain was lacking
in these experiments, or to a less extreme open state. Acknowledgments
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